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GRAPHICAL  ABSTRACT 


i  LSCF  film  cathodes  prepared  by  con¬ 
ventional  spray  pyrolysis  on  CGO 
electrolytes. 

i  Porous,  cracked  and  macroporous 
electrodes  were  obtained  between 
250  and  450  "C. 

i  All  cells  annealed  at  650  °C  showed 
ASR  values  as  low  as  0.04  Q  cm2  at 
650  °C. 

'  Porous  electrodes  exhibited  lower 
performance  degradation  with  the 
thermal  treatment. 
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Lao.6Sro.4Coo.8Feo.2O3  (LSCF)  cathodes  have  been  deposited  by  conventional  spray  pyrolysis  on 
Ceo.8Gdo.20i.9  (CGO)  electrolytes  at  different  temperatures  between  250  and  450  °C,  obtaining  electrodes 
with  different  microstructure  and  porosity.  Highly  porous  and  macroporous  electrodes  are  obtained  at 
deposition  temperatures  of  250  °C  and  450  °C,  respectively,  with  an  average  grain  size  of  30-50  nm.  The 
influence  of  the  post-annealing  treatment  on  the  microstructure  and  on  the  electrochemical  properties  is 
investigated  by  scanning  electron  microscopy  and  impedance  spectroscopy  in  air  and  as  a  function  of  the 
oxygen  partial  pressure  to  identify  the  different  contributions  to  the  polarization.  Samples  annealed  at 
650  °C  show  similar  values  of  area  specific  resistance  0.04-0.06  Q  cm2  at  a  measured  temperature  of 
650  °C.  However,  after  annealing  the  samples  at  850  °C,  the  ASR  values  increase  up  to  0.1  -0.6  Q  cm2  with 
the  lowest  value  corresponding  to  the  film  deposited  at  250  °C  due  to  the  large  porosity  and  surface  area 
of  this  film.  The  performance  degradation  upon  annealing  is  attributed  to  decreasing  reaction  sites 
induced  by  grain  growth  and  densification. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

One  of  the  major  targets  for  the  development  of  solid  oxide  fuel 
cell  (SOFCs)  is  the  reduction  of  the  operating  temperatures  below 
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700  °C  [1,2],  This  would  have  several  benefits,  such  as  reduction  of 
operation  costs,  shorten  start-up  time  and  cell  durability.  The  per¬ 
formance  of  a  SOFC  at  low  temperatures  depends  on  the  ohmic 
resistance  of  the  electrolyte,  although  it  can  be  lowered  by  reducing 
the  electrolyte  thickness.  Another  important  limiting  factor  is  the 
increase  of  the  cathode  polarization  due  to  the  thermally  activated 
nature  of  the  oxygen  reduction  reaction  (ORR),  involving  multiple 
mechanistic  steps  from  oxygen  adsorption  to  incorporation  into  the 
electrolyte  lattice  at  electrochemically  active  triple  phase  bound¬ 
aries  (TPB)  [3-5], 
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The  state-of-the-art  cathode  material,  Lao.sSro.2Mn03_5  (LSM), 
exhibits  negligible  ionic  conductivity  and  a  high  activation  energy 
for  ORR  at  low  temperature  <800  °C,  leading  to  a  significant 
reduction  of  the  electrochemical  performance.  To  overcome  this 
limitation,  different  mixed  ionic-electronic  conductors  (MIEC),  such 
as  Lai_xSrxCoi_yFej,03_5  (LSCF),  Bao.5Sro  5Coo.sFeo.2O3_, 5  (BSCF)  and 
GdBaCo205+5,  have  been  investigated  as  alternative  cathodes  to 
LSM,  possessing  better  performance  in  the  intermediate  tempera¬ 
ture  range  500-800  °C  [6-8],  LSCF  are  between  the  most  studied 
cathodes  for  applications  at  low  temperature  due  to  the  better 
phase  stability  compared  to  other  cathode  materials,  such  as  BSCF 
which  shows  degradation  due  to  phase  segregation  and  carbon- 
ation  [9], 

The  efficiency  of  these  cathodes  is  related  to  the  intrinsic  elec¬ 
trochemical  properties  but  also  the  fabrication  process  is  important 
to  produce  electrode  microstructures  with  high  surface  area  and 
porosity  that  facilitate  the  diffusion  of  the  oxygen  gas  to  the  active 
sites,  leading  to  lower  polarization  resistances  [10-12], 

Precursor  routes  have  been  used  to  obtain  nanocrystalline 
powders  of  different  cathode  materials  with  high  surface  area  and 
better  electrochemical  properties,  however,  the  subsequent  elec¬ 
trode  deposition  steps  at  elevate  temperatures,  such  as  tape¬ 
casting  or  screen-printing,  produce  an  excessive  grain  growth  and 
a  reduction  of  the  porosity,  resulting  consequently  in  a  decrease  of 
the  performance.  For  this  reason,  alternative  deposition  methods  in 
a  simple  one  step  at  low  temperatures  are  required  to  produce 
electrode  morphologies  with  high  surface  areas  and  large  number 
of  active  sites  for  ORR.  In  this  context,  thin  films  cathodes  deposited 
at  reduced  temperatures  by  different  physical  and  wet  chemical 
methods  have  showed  enhanced  performance  [13],  For  instance, 
electrostatic  spray  deposition  was  used  to  obtain  LSM  and  LSM/YSZ 
composite  [14,15],  Smo.5Sro.503_,5  [16,17]  and  Lal_xSrxCol_ySry03_fl 
cathodes  [18-23], 

In  this  work,  a  simple,  low-cost,  and  environmentally  friendly 
method  based  on  spray-pyrolysis  was  used  to  prepare 
Lao.6Sr0.4Coo.8Feo.203-5  (LSCF)  cathodes  on  Ceo.9Gdo.1O1.95  (CGO) 
electrolyte  by  using  aqueous  precursor  solutions.  By  varying  the 
deposition  temperature,  LSCF  films  with  different  morphology  and 
porosity  were  obtained.  The  polarization  resistance  of  different 
LSCF  symmetrical  cells  was  evaluated  using  electrochemical 
impedance  spectroscopy  in  air  and  as  a  function  of  the  oxygen 
partial  pressure.  The  influence  of  the  post-deposition  temperature 
on  the  electrode  microstructure  and  on  the  polarization  resistance 
was  also  investigated. 

2.  Experimental 

2.1.  Cathode  deposition 

Cathodes  with  composition  Lao.6Sro.4Coo.8Feo.2O3_,;  were 
deposited  by  using  a  homemade  spray-pyrolysis  apparatus  at 
different  deposition  temperatures  between  250  and  450  °C. 

The  precursor  solutions  were  obtained  by  dissolving  stoichio¬ 
metric  quantities  of  La(N03)3-6H20  (99.99%),  Sr(N03)2  (99.9%), 
Co(N03)2-6H20  (99%)  and  Fe(N03)3-9H20  (98%)  in  distilled  water, 
all  of  them  supplied  from  Sigma-Aldrich.  The  nitrates  before 
weighting  were  analysed  by  thermogravimetric  analysis  to  deter¬ 
mine  the  correct  water  content.  The  concentration  of  the  solution 
was  0.025  M  of  Lao.6Sro.4Coo.8Feo.2O3_,;  in  water.  In  this  work,  the 
use  of  organic-based  solutions  was  avoided  to  prevent  the  forma¬ 
tion  of  organic  residues,  which  do  not  decompose  up  to  very  high 
temperatures. 

The  LSCF  electrodes  were  deposited  on  quartz  substrates  for 
structural  investigation  and  on  Ceo.8Gdo.2O19  (CGO)  polycrystalline 
pellets  for  electrochemical  characterization.  The  CGO  pellets 


(13  mm  of  diameter  and  1  mm  of  thickness)  were  prepared  from 
commercial  powders  (Praxair)  by  pressing  them  into  pellets  at 
75  MPa  and  then  sintered  at  1400  °C  for  4  h,  reaching  a  relative 
density  higher  than  95%.  CGO  substrates  were  used  as-sintered 
without  polishing  the  pellet  faces. 

The  precursor  solution  was  sprayed  onto  the  substrates,  which 
are  placed  on  a  metal  hot  block  at  the  desired  temperature  of  py¬ 
rolysis,  using  resistance  wires.  A  K-type  thermocouple  inserted  in  a 
hole  drilled  through  the  metal  close  to  the  substrate  was  used  to 
monitor  the  block  temperature.  The  substrate  is  moved  underneath 
the  spray  nozzle,  fixed  in  position,  back  and  forth  at  a  constant 
frequency,  to  obtain  a  more  homogeneous  deposition  of  the  films 
[24], 

The  flow  rate  of  the  precursor  solution  was  20  ml  h  1  using  a 
syringe  pump.  A  stream  of  compressed  air  gas  through  the  nozzle, 
free  of  oil,  is  used  for  the  atomization  of  the  solution  into  very  fine 
droplets.  The  air  pressure  was  2.5  bar,  resulting  in  an  air  flux 
through  the  nozzle  of  approximately  20  1  min  1  and  the  nozzle  to 
substrate  distance  was  20  cm.  The  deposition  time  was  fixed  at  1  h. 
In  this  work  the  temperature  was  the  only  parameter  modified  for 
the  different  depositions,  varying  between  250  and  450  °C.  After 
the  deposition,  the  samples  were  annealed  between  650  and  850  °C 
for  5  h  in  air  to  investigate  the  influence  of  the  thermal  treatment 
on  the  phase  formation  and  on  the  microstructure  evolution. 

Similar  symmetrical  cells  were  also  prepared  using  sub¬ 
micrometric  LSCF  powders  obtained  from  citrate  precursor  method 
for  comparison  purpose,  as  reported  elsewhere  [25],  These  pow¬ 
ders  were  mixed  in  a  50  wt.%  with  Decoflux™  to  obtain  a  slurry, 
which  was  screen-printed  on  both  sides  of  the  CGO  pellets  and  then 
sintered  at  900  °C  for  1  h.  The  thickness  of  LSCF  layer  was 
approximately  40  pm. 

2.2.  Materials  characterization 

X-ray  powder  diffraction  (XRD)  patterns  were  obtained  using  a 
PANalytical  X’Pert  Pro  diffractometer,  equipped  with  a  Ge(lll) 
primary  monochromator  and  the  X’Celerator  detector.  The  scans 
were  collected  in  the  28  range  (20-80°)  with  0.016°  step  for  1  h. 
The  structural  analysis  and  phase  identification  were  done  by  using 
the  FullProf  and  X’Pert  HighScore  Plus  v.2.0e  software  [26,27], 

The  morphology  of  the  electrodes  was  studied  by  scanning 
electron  microscopy  (JEOL  SM-6490LV  and  a  FEI  Helios  Nanolab 
650).  The  average  grain  size  of  the  films  was  estimated  from  the 
SEM  micrographs  by  the  linear  intercept  method  with  the  help  of 
Estereologia  software  [28], 

The  impedance  spectra  measurements  were  performed  at  open 
circuit  voltage  with  a  Solartron  1260  FRA  in  the  0.01  -106  Hz  fre¬ 
quency  range  and  an  amplitude  voltage  of  50  mV.  Pt  ink  (Heraus) 
was  applied  onto  the  electrodes,  to  obtain  a  current  collector  layer, 
which  was  fired  at  650  °C  for  30  min  to  ensure  good  adherence  and 
conductivity. 

The  symmetrical  cells  were  firstly  annealed  at  650  °C  and  then 
at  750  and  850  °C  for  5  h.  The  impedance  spectra  were  acquired 
after  each  post-annealing  treatment  on  the  cooling  process  in  steps 
of  50  °C  with  a  dwell  time  of  30  min  between  consecutive  mea¬ 
surements.  The  samples  will  be  hereafter  labelled  as  function  of  the 
deposition  temperature  and  the  subsequent  post-annealing  treat¬ 
ment,  e.g.  S250_650,  where  the  first  number,  250,  indicates  the 
deposition  temperature  and  the  second  one,  650,  the  post¬ 
annealing  treatment  in  air. 

The  impedance  spectra  were  also  collected  as  a  function  of  the 
oxygen  partial  pressure  (PO2)  from  1  to  10~2  atm  with  the  help  of  an 
electrochemical  cell,  consisting  of  a  YSZ  tube  closed  at  one  end, 
with  an  electrochemical  oxygen  pump  and  sensor.  The  system  was 
flushed  with  O2  and  N2  gas  mixture  between  600  and  700  °C  for  1  h 
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and  the  cells  were  equilibrated  at  each  oxygen  partial  pressure  at 
least  for  30  min  before  acquiring  the  impedance  spectra.  The  data 
were  analysed  with  equivalent  circuits  using  the  ZView  software 
[29]. 

3.  Results 

3.1.  Phase  formation  and  structure 

Fig.  la  shows  the  XRD  patterns  of  LSCF  powders  obtained  by 
citrate  method  and  films  deposited  on  quartz  substrate.  According 
to  the  literature  data  LSCF  has  a  phase  transition  from  rhombohe- 
dral  (s.  g.  R3c)  to  cubic  (s.  g.  Pm3m),  occurring  at  about  500  °C  [30], 
LSCF  powders  exhibit  only  the  reflections  associated  with  the  cubic 
phase  (s.g.  Pm3m)  at  700  °C.  However,  after  calcining  the  powders 
at  1000  °C,  the  typical  splitting  reflections  of  the  rhombohedral 
phase  (s.  g.  R3c)  are  observed,  as  expected  for  this  composition  in 
agreement  to  the  literature  [31  ].  Thus,  the  stabilization  of  the  cubic 
phase  at  room  temperature  for  powders  calcined  at  700  °C  is 
probably  attributed  to  the  small  crystallite  size  (29  nm  at  700  °C 
compared  to  ~110  nm  at  1000  °C)  due  to  the  influence  of  the 
surface  free  energy  and/or  the  oxygen  non-stoichiometry.  The  same 
behaviour  was  observed  in  Lao.6Sro.4Co03-<5  nanopowders  [32], 

The  as-deposited  films  are  amorphous  and  transform  into  the 
perovskite-type  phase  after  calcination  at  650  °C  in  air,  without  the 
presence  of  extra  diffraction  peaks  associated  with  secondary 
phases.  The  crystallinity  of  the  films  is  obviously  improved  with 
increasing  temperature  and  the  cubic  phase  seems  to  be  retained  in 
whole  the  temperature  range  studied  between  650  and  850  °C  with 
a  crystallite  size  ranging  from  24  nm  at  650  °C  to  35  nm  at  850  °C 

The  unit  cell  volume  for  powders  prepared  by  citrate  method 
decreases  slightly  with  the  sintering  temperature  from  56.745  A3  at 
700  °C  to  56.620  A3  at  1000  °C  and  a  similar  behaviour  was 
observed  in  the  films,  i.e.  56.504  A3  at  650  °C  and  56.239  A3  at 
850  °C.  The  decrease  of  the  cell  volume  with  the  annealing  tem¬ 
perature  can  be  explained  by  the  ordering  of  the  atoms  in  the  lattice 
induced  by  crystallization.  These  values  are  in  good  agreement  with 
those  previously  reported  for  similar  compositions  [31  ]. 

The  XRD  pattern  of  LSCF  deposited  on  CGO  pellets  show  two 
crystalline  phases,  corresponding  to  the  perovskite  LSCF  and  the 
fluorite  CGO  structures  (Fig.  2).  No  secondary  phases  and  no 
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Fig.  1.  XRD  patterns  of  LSCF  powders  obtained  by  citrate  precursor  method  at  700  and 
1000  °C  and  LSCF  film  deposited  on  quartz  substrates  by  spray-pyrolysis  at  450  “C  and 
after  thermal  treatment  between  650  and  850  °C  for  5  h. 


significant  peak  shift  are  observed  after  annealing  the  films  at  650— 
850  °C  for  5  h,  indicating  that  no  reactivity  took  place  between  CGO 
and  LSCF  in  the  operating  temperature  range. 

3.2.  Microstructure 

Fig.  2  shows  the  SEM  image  of  the  LSCF  films  after  annealing  at 
650  °C  for  5  h.  The  films  show  good  adhesion  to  the  substrates 
independently  on  the  deposition  temperature  and  no  delamination 
in  any  of  the  CGO/LSCF  interfaces  was  observed.  The  superficial 
morphology  of  the  films  changes  significantly  with  the  deposition 
temperature  from  rough  porous  at  250  °C  (Fig.  3a)  to  dense  and 
continuous  at  450  °C  (Fig.  3g).  At  intermediate  temperatures  (300— 
350  °C)  porous  and  cracked  films  are  obtained  (Fig.  3d).  These 
morphological  changes  are  only  attributed  to  the  different  depo¬ 
sition  temperature,  because  the  experimental  parameters:  solution 
concentration,  flow  rate,  nozzle-substrate  distance  and  deposition 
time  were  fixed  for  all  preparations  as  detailed  in  the  experimental 
section. 

The  LSCF  films  deposited  at  250  °C  have  a  very  porous  micro¬ 
structure  that  extends  throughout  the  whole  thickness  of  the  films 
~3  pm,  which  ensures  effective  gas  diffusion  (Fig.  3a-c).  The 
abundant  solvent  remaining  after  the  deposition  and  eliminated  in 
the  subsequent  post-annealing  treatment  produces  a  highly  porous 
material  without  the  formation  of  visible  superficial  cracks. 

Porous  and  cracked  films  are  obtained  at  350  °C  (Fig.  3d— f). 
These  films  have  lower  porosity  and  cracks  are  formed  as  conse¬ 
quence  of  the  shrinkage  and  sintering  of  the  film  during  the 
annealing  treatment.  It  is  important  to  note  that  the  surface  of  the 
films  densities  by  annealing,  resulting  in  a  gradual  decrease  of  the 
porosity  over  the  film  thickness.  Similar  observations  were  re¬ 
ported  in  the  literature  for  LSCF  thin  films  prepared  by  flame  spray 
deposition  [19], 

At  higher  temperature,  450  °C,  the  arriving  drops  contain  less 
solvent  and  thinner  films  ~0.25  pm  with  smaller  porosity  are  ob¬ 
tained  (Fig.  3i).  Therefore,  during  the  post-thermal  treatment,  a 
small  volume  change  occurs,  leading  to  crack-free  films. 


20/° 

Fig.  2.  XRD  patters  of  LSCF  films  deposited  on  CGO  pellets  at  450  °C  and  calcined 
between  650  and  850  °C  for  5  h. 
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Fig.  3.  SEM  of  the  surface  morphology  and  cross-section  of  LSCF  cathodes  deposited  by  spray-pyrolysis  on  CGO  pellets  at  (a-c)  250  °C,  (d-f)  350  °C  and  (g-i)  450  °C  after 
calcination  at  650  °C  for  5  h. 


The  superficial  morphology  of  LSCF  films,  annealed  at  650  and 
850  °C  for  5  h,  is  shown  comparatively  in  Fig.  4.  For  all  the  films  is 
observed  that  the  superficial  porosity  decreases  with  the  increasing 
of  annealing  temperature.  The  grain  size  distribution  is  shown  in  the 
insets  of  Fig.  4  and  the  average  grain  sizes  are  listed  in  Table  1.  The 
average  grain  size  for  the  films  annealed  at  650  °C  decreases  with 
the  increasing  of  deposition  temperature  from  55  nm  at  250  °C  to 
30  nm  at  450  °C.  LSCF  cathode  deposited  at  450  °C  shows  a  mac- 
roporous  microstructure  with  pore  size  lower  than  50  nm  and  much 
finer  grain  size  30  nm  compared  to  the  film  deposited  at  250  °C— 
55  nm  (Fig.  4c).  As  expected,  the  grain  size  grows  after  annealing  at 
850  °C,  while  the  superficial  porosity  decreases  (Fig.  4d-f).  The 
grain  size  for  S250  sample  increases  slightly  with  the  temperature 
from  55  nm  at  650  °C  to  60  nm  at  850  °C  and  large  variation  occurs 
for  S450,  30—78  nm  (Table  1 ).  This  behaviour  can  be  explained  by 
the  different  porosity  of  the  films,  indeed,  it  is  known  from  the 
literature  that  occurrence  of  the  pores  strongly  affects  the  grain 
growth  kinetics  [21,33],  It  should  be  also  commented  that  the  grain 
size  is  somewhat  larger  than  those  estimated  by  XRD,  suggesting 
that  grains  are  formed  by  several  diffraction  domains  (Table  1 ). 


3.3.  Electrical  characterization 

The  impedance  spectra  for  S250,  S350  and  S450  symmetrical 
cells,  under  open  circuit  voltage  (OCV)  and  at  various  measured 
temperatures  in  air,  are  shown  in  Fig.  5.  The  electrolyte  resistance 
was  subtracted  for  easier  comparison  of  the  electrode  response. 
Depending  on  the  temperature  range  different  contributions  are 
observable  in  the  spectra.  At  temperatures  higher  than  550  °C  only 
the  arcs  attributed  to  the  electrode  processes  are  observed  (Fig.  5a, 
d  and  g).  Between  350  and  500  °C  the  arc  ascribed  to  grain 
boundary  conduction  (GB)  in  the  electrolyte  is  also  visible  (Fig.  5b,  e 
and  h).  Finally,  the  grain  interior  (bulk)  contribution  of  the  elec¬ 
trolyte  appears  below  350  °C  at  high  frequencies  (Fig.  5c,  f  and  i). 

Different  equivalent  circuits  were  tested  to  fit  the  data,  however 
the  best  results  were  obtained  using  the  model  based  on  (RQ)  el¬ 
ements  in  series,  each  one  being  assigned  to  a  specific  electro¬ 
chemical  phenomenon,  where  R  is  a  resistance  in  parallel  with  a 
constant  phase  element  Q.  with  impedance:  Zq  —  (JwQ)~n  to  take 
into  consideration  the  depressed  arcs.  The  equivalent  circuits  used 
for  fitting  the  spectra  are  shown  in  the  inset  of  Fig.  5d— f.  In  the  high 
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and  intermediate  temperature  ranges  a  serial  inductance:  ZL=jwL 
was  included  to  simulate  the  inductive  effects  of  the  setup  at  high 
frequencies,  which  was  found  to  take  a  value  of  around  10  6  H.  A 
serial  Rs  and/or  (RQ)  elements  were  used  to  simulate  the  grain 
interior  (GI)  and  grain  boundary  (GB)  contributions  of  the  CGO 
electrolyte  (inset  of  Fig.  5d  and  e). 

The  electrode  response  of  LSCF  is  typically  composed  of  two  or 
three  contributions  depending  on  the  electrode  composition, 
microstructure  and  measured  temperature  [34—39],  In  the  pre¬ 
sent  study,  the  electrode  contribution  show  similar  shape  for  all 
the  cells  and  the  experimental  data  were  adequately  simulated  by 
using  two  serial  (RQ)  elements  between  350  and  650  °C  in  air 
atmosphere.  These  two  contributions  are  usually  attributed 
to  surface  chemical  exchange  of  O2  and  solid  state  oxygen  diffu¬ 
sion  [3], 

The  following  parameters  were  obtained  for  each  contribution: 
the  resistance  R;,  the  pseudocapacitance  Q,  and  the  exponential 
parameter  n,-  of  the  bulk,  grain  boundary  and  electrode  processes. 
These  parameters  are  related  to  the  angular  relaxation  frequency  w,- 
and  true  capacitance  Q  by  the  following  relation: 


Table  1 

Deposition  conditions,  microstructural  features  of  the  LSCF  films  (dg:  average  grain 
size  and  t:  thickness).  Activation  energies  for  the  high  (HF)  and  medium  frequency 
(MF)  contributions  to  the  polarization  in  air  atmosphere  and  the  area  specific 
resistance  (ASR). 


Sample  Deposition  Annealing  ds  t  Ehf  Emf  Easr 

T(°  C)  T  (°C)  (nm)  (pm)  (eV)  (eV)  (eV) 


S250_650 

S250_750 

S250_850 

S350_650 

S350_750 

S350_850 

S450_650 

S450_750 

S450_850 


250 


350 


450 


650 

750 

850 

650 

750 

850 

650 

750 

850 


55 

61 

45 

71 

30 


78 


1.25 


0.25 


1.18  1.29  1.22 

1.12  1.20  1.15 

1.19  1.23  1.15 

1.14  1.24  1.17 

1.17  1.30  1.11 

1.05  1.10  1.06 

1.20  1.27  1.24 

1.30  1.29  1.21 

1.44  1.38  1.17 


W, 


RjCj 


(RjQi)1/n* 


(D 


The  bulk  and  grain  boundary  contributions  show  typical 
capacitance  values  of  ~pF  cm-1  and  ~nF  cm-1,  respectively, 
whereas  the  capacitance  of  the  electrode  processes  is  ~mF  cm-2. 

The  total  resistance  of  the  electrolyte  did  not  vary  with  the 
deposition  temperature  and  the  post-annealing  treatment  of  the 
LSCF  film,  suggesting  negligible  reaction  between  LSCF  and  CGO  in 
the  operating  temperature  range.  However,  the  electrode  resistance 
increased  significantly  with  the  annealing  treatment,  especially  for 
those  films  deposited  at  high  temperatures  >350  °C,  as  a  conse¬ 
quence  of  the  microstructural  changes  of  the  electrodes  and  the 
reduced  reaction  sites  for  ORR  (Fig.  5g— i). 


3.3.1.  Contributions  of  the  electrode  polarization  in  air 

The  contributions  of  the  electrode  response  at  high  frequency 
(HF)  and  medium  frequency  (MF)  were  studied  separately  as  a 
function  of  the  deposition  and  post-deposition  temperature  of  the 
films. 

Fig.  6a  displays  the  variation  of  relaxation  frequency  for  a 
representative  sample  S350.  For  all  samples  the  relaxation  fre¬ 
quency  associated  at  each  contribution  decreases  with  the 
annealing  temperature,  whereas  the  capacitance  increases  slightly 
(Fig.  6b).  The  relaxation  frequencies  were  in  the  range  of  0.1  — 103  Hz 
and  1— 104  Hz  for  the  MF  and  HF  contributions,  respectively,  in  the 
temperature  range  300-650  °C,  following  an  Arrhenius  type 
dependence  on  the  temperature.  The  capacitance  of  the  HF 
contribution  increases  with  the  annealing  temperature  from  0.5  to 
1.2  mF  cm  2  and  they  are  nearly  independent  on  the  measured 
temperature  consistent  with  an  interfacial  capacitance  coupled 
with  charge  transfer  process.  These  values  are  similar  to  those 
previously  reported  on  dense  and  porous  LSCF  films,  which  was 
attributed  to  the  interfacial  LSCF/CGO  charge  transfer  [19,36,38], 
The  assignment  of  HF  response  to  ionic  transfer  process  at  the 
electrolyte/electrode  interface  is  further  corroborated  in  the  next 
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Fig.  5.  Impedance  spectra  of  LSCF  cathodes  deposited  symmetrically  on  CGO  electrolyte  pellets  at  (a-c)  250  °C,  (d-f)  350  °C  and  (g-i)  450  °C  and  post-thermal  treatment  at  650, 
750  and  850  °C  for  4  h.  The  impedance  spectra  are  shown  at  different  measurement  temperatures  (a,  d,  g)  650  °C,  (b,  e,  h)  450  °C  and  (c,  f,  i)  350  °C.  The  insets  of  (d-f)  show  the 
equivalent  circuits  used  to  fit  the  spectra  in  the  different  temperature  ranges.  The  line  plots  correspond  to  the  fitting  result  obtained  with  equivalent  circuits. 


section  by  evaluating  the  dependence  of  Rhf  versus  pC>2.  The  MF 
contribution  with  a  capacitance  of  5—10  mF  cm-2  is  possibly 
attributed  to  oxygen  ionic  bulk  diffusion  as  already  suggested  by 
LSCF  based  cathodes  [19,36,38], 


The  Arrhenius  representation  of  the  HF  and  MF  resistances  for 
S250  and  S450  samples  annealed  at  different  temperatures  are 
shown  in  Fig.  7.  The  MF  response  is  the  largest  contribution  to  the 
total  polarization  for  all  the  samples  and  especially  at  low 


103/T  (K1) 


Fig.  6.  (a)  Relaxation  frequencies  ai 
versus  the  reciprocal  temperature. 


(b)  capacit, 


'  the  high  (HF) , 


hum  frequency  (MF)  contributio 


:  650,  750  , 
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T(°C) 


Fig.  7.  Arrhenius  plots  of  the  high  (HF)  and  medium  frequency  (MF)  contributions  to  the  polarization  resistance  for  (a)  S250  and  (b)  S450  samples  after  post-annealing  between  650 
and  850  °C  for  5  h. 


temperatures.  In  the  case  of  S250  sample  the  values  of  Rrf  and  Rmf 
change  little  with  the  annealing  temperature  (Fig.  7a),  in  contrast, 
both  resistances  increase  for  S450  sample  (Fig.  7b).  The  corre¬ 
sponding  activation  energies  for  Rhf  and  Rmf  contributions  are 
similar  1.1—13  eV  for  the  different  samples  annealed  at  650  °C, 
although  it  seems  to  increase  with  the  deposition  temperature  with 
a  maximum  value  of  1.4  eV  determined  for  S450_850  (Table  1). 

It  should  also  be  commented  that  above  700  °C  a  new  contri¬ 
bution  begins  to  appear  in  the  spectra  at  low  frequency,  with  a  large 
capacitance  value  of  ~  1  F  cm-2,  and  this  become  more  important 
as  the  temperature  increases  (Fig.  SI,  Supplementary  content). 
Moreover,  this  process  was  also  observed  at  low  oxygen  partial 
pressures,  showing  a  strong  dependence  on  pC>2  and  therefore  is 
possibly  attributed  to  gas-phase  diffusion  limitations.  This  behav¬ 
iour  is  not  surprising  because  gas-phase  diffusion  becomes  more 
important  at  high  temperatures  compared  to  the  other  electrode 
contributions  due  to  its  low  activation  energy  [3], 


3.3.2.  p02  dependence  of  the  polarization  resistance 

In  order  to  obtain  further  insights  on  the  different  rate-limiting- 
steps  of  the  electrode  polarization,  the  resistance  dependency 
associated  at  each  response  was  studied  at  different  temperatures 
as  a  function  ofpC>2.  The  measurements  were  carried  out  between  1 
and  0.01  atm  of  pC>2  to  neglect  the  influence  of  the  oxygen  stoi¬ 
chiometry  of  the  compounds  on  the  electrode  performance.  It  is 
well  reported  that  the  loss  of  lattice  oxygen  in  LSCF  depends  on  the 
cathode  composition,  oxygen  partial  pressure  and  temperature, 
affecting  greatly  the  electrode  performance  [40], 

The  impedance  spectra  of  S250_850  sample  at  650  °C  and 
different  pC>2  values  are  shown  in  Fig.  8.  At  pC>2  >  0.1  atm  two 
processes  are  discernible  at  high  and  intermediate  frequencies  with 
relaxation  frequency  of  /hf  =  2—10  kHz  and  /mf  =  10—600  Hz 
respectively.  At  lower  oxygen  partial  pressures  a  third  contribution, 
with  relaxation  frequency  of  /lf  =  0.2-10  Hz,  begins  to  appear, 
which  becomes  dominant  at  reducing  pC>2  (inset  Fig.  8).  In  this  case 
three  (RQ)  elements  were  used  to  lit  the  data.  A  similar  behaviour 
was  observed  by  Escudero  et  al.  for  La2NiC>4  cathode,  where  a  new 
arc  was  detected  at  pC>2  <  0.1  atm  [41  ]. 


The  different  steps  of  oxygen  reduction  are  dependent  on 
the  oxygen  partial  pressure,  and  the  relationship  between  the 
resistance  of  each  contribution  and  the  pC>2  can  be  expressed  as 
[42-44]: 

R;  =  k(p02rm  (2) 

where  k  is  a  constant  and  m  an  exponent  that  depends  on  the  ki¬ 
netic  limiting  step.  If  m  =  1  the  limiting  process  is  oxygen  diffusion 
in  the  gas  phase  or  molecular  adsorption  on  the  surface  of  the 
electrode,  m  =  1  /4  charge  transfer  and  m  =  1  /2  oxygen  dissociation. 

Fig.  9  shows  the  resistance  variation  of  the  different  contribu¬ 
tions  with  the  p02  for  S250_850  sample  at  different  measured 
temperatures. 


Fig.  8.  Impedance  spectra  for  S250_850  sample  as  a  function  of  the  oxygen  partial 
pressure  at  a  measured  temperature  of  650  °C 
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The  HF  process  has  a  capacitance  values  of  Chf  =  0.2— 
0.4  mF  cm-2  and  a  change  of  m  is  observed  from  m  —  0.16—0.19  at 
high  p O2  to  m  ~  0  at  low  p O2  (Fig.  9).  Marhina  et  al.  studied  the 
polarization  resistance  of  Lao.6Sr4Coo.2Feo.8O3_,)  films  between  1 
and  10~4  atm  and  also  found  a  weak  dependence  of  Rhf  versus  p02 
with  m  values  of  0.06—0.1  in  the  high  temperature  range  [38],  This 
contribution  was  assigned  to  the  ionic  conduction  at  the  LSCF/CGO 
interface. 

The  medium  frequency  contribution  is  the  most  important 
limiting  step  of  the  polarization  resistance  at  p02  >  0.01  atm  and 
has  capacitance  of  Cmf  =  3—10  mF  cm-2.  Moreover,  Rmf  shows  a 
weak  p O2  dependence  with  m  values  between  0.18  and  0.28  and 
therefore  is  possibly  attributed  to  ionic  bulk  diffusion  in  agreement 
to  previous  results  [38,39], 

The  low  frequency  process  (observed  at  low  PO2)  has  a  strong 
dependence  on  pC>2  m  =  1.  Moreover,  it  exhibits  a  large  capacitance 
Clf  =  0.1— 0.4  F  cm-2  and  therefore  is  related  to  gas-phase  diffusion 
at  high  temperature.  Similarly,  Adler  et  al.  reported  that  at 
PO2  <  0.01  atm  the  electrode  kinetics  of  porous  Lai_xSrxCo03_,i 
cathodes  become  dominated  by  gas-phase  diffusion  [45], 

The  behaviour  of  the  total  polarization  resistance  versus  pC>2 
shows  a  linear  relationship  in  pC>2  range  (1—0.01  atm)  with  m 


values  of  0.25,  0.27  and  0.29  at  625,  650  and  700  °C,  respectively 
(Fig.  S2,  Supplementary  content).  At  p O2  <  0.01  atm  an  increase 
of  m  is  expected  due  to  the  dominating  LF  contribution  in 
this  region  (gas-phases  diffusion  with  m  =  1).  Therefore,  these 
results  are  similar  to  those  found  previously  for  thin  films 
and  thick  LSCF  cathodes  with  m  =  0.2  at  pC>2  >  10-2  atm  and 
m  =  0.7  at  pC>2  <  10~2  atm  at  a  measured  temperature  of  600  °C 
[35,38], 

33.3.  Area  specific  resistances 

The  area  specific  resistance  (ASR)  under  open  circuit  voltage  was 
calculated  from  the  addition  of  the  each  polarization  contribution 
Rj,  as  follows: 

ASR  =  R?°rS  (3) 

where  S  is  the  effective  electrode  area  and  Rpoi  the  total  polarization 
resistance,  which  was  divided  by  two  due  to  the  symmetrical 
configuration  of  the  cells. 

The  Arrhenius  plots  of  ASR  are  shown  in  Fig.  10.  A  nearly  linear 
dependence  is  observed  for  the  different  samples  treated  between 


500  T<°C> 


103/T  (K_1) 


Fig.  10.  Arrhenius  plots  of  the  overall  polarization  resistance 
1  h  and  after  thermal  treatment  at  650,  750  and  850  °C  for 
comparison  purpose  in  (c). 


5  h.  The  polarization  resistance  obtained  with  a  thick  LSCF  cathode  and  with  only  Pt  electrodes  are  also  included  for 
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650  and  850  °C.  One  can  observe  that  major  differences  with  the 
annealing  temperature  occur  for  S450  sample  (Fig.  10c). 

At  an  annealing  temperature  of 650  °C  the  values  of  ASR  are  very 
similar  for  the  different  electrodes,  despite  the  different  electrode 
thickness  0.25—3  pm,  taking  minimum  and  maximum  values  of 
0.04  and  0.06  Q  cm2  for  S300_650  and  S450_650,  respectively,  at  a 
measured  temperature  of  650  °C  (Fig.  11).  Note  that  ASR  values  are 
expected  to  decrease  with  increasing  electrode  thickness  because 
of  the  increased  reaction  sites  for  oxygen  reduction,  however, 
beyond  a  certain  thickness  the  benefits  of  the  increase  of  the  active 
layer  are  counterbalanced  by  the  increasing  migration  length  for 
ion,  rendering  constant  values  of  ASR.  Hence,  the  similar  perfor¬ 
mance  for  all  electrodes  annealed  at  650  °C  is  apparently  due  to  the 
lower  particle  size  and  large  surface  area  of  the  films  deposited  at 
higher  temperature  (Table  1 ).  This  means  that  the  most  important 
electrochemical  reactions  in  these  films  occur  close  to  the  elec¬ 
trolyte  interface  <1  pm  as  previously  suggested  for  LSCF  thin  films 
[19].  In  addition,  considering  that  the  film  thickness  of  S450  sample 
is  relatively  small  ~0.25  pm,  one  may  expect  a  further  decrease  of 
the  ASR  values  by  increasing  the  deposition  time. 

After  the  subsequent  post-annealing  treatment  at  750  and 
850  °C  the  grain  size  grows  and  the  porosity  decreases,  and  as  a 
consequence  the  number  of  actives  sites  for  ORR  are  reduced, 
resulting  in  an  increase  of  ASR.  This  effect  is  more  pronounced  in 
the  case  of  the  macroporous  films  deposited  at  450  °C  (Fig.  10c). 
However,  the  films  deposited  at  lower  temperature,  S250,  exhibit 
lower  microstructural  changes  with  the  sintering  temperature  and 
high  performance  is  obtained  even  after  annealing  at  850  °C  for  5  h 
(Figs.  10a  and  11 ).  The  samples  annealed  at  850  °C  have  ASR  values 
of  0.1  and  0.6  Q  cm2  for  S250_850  and  S450_850  respectively 
(measured  at  650  °C).  It  is  worth  nothing  that  these  values  are 
comparable  to  those  obtained  for  a  thick  LSCF  cathode  ( ~40  pm  of 
thickness)  deposited  by  screen-printing  at  a  sintering  temperature 
of  900  °C— 0.52  Q  cm2  (Figs.  10c  and  11). 

Thus  the  ASR  values  are  clearly  related  to  the  electrode-pore 
surface  area  of  the  films.  For  this  reason,  macroporous  and 
porous  LSCF  films  obtained  at  450  and  250  °C,  respectively,  exhibit 
a  similar  performance  if  the  annealing  temperature  is  lower  than 


Td(°C) 


Fig.  11.  Overall  polarization  resistance  at  650  °C  for  LSCF  cathodes  in  air  as  a  function 
of  the  deposition  temperature  Td  and  the  post-thermal  treatment  at  650,  750  and 
850  °C  for  5  h. 


750  °C.  However,  when  the  annealing  temperature  increases  above 
750  °C  the  macroporous  microstructure  of  S450  collapses  and  the 
performance  decreases  drastically,  whereas  samples  with  initial 
high  porosity,  S250,  retain  the  porous  microstructure  and  smaller 
degradation  of  the  performance  is  observed. 

The  values  of  activation  energy  ranged  between  1.1  and  1.2  eV 
(Table  1 ),  suggesting  that  the  reaction  mechanism  in  LSCF  films  is 
not  affected  by  the  deposition  and  annealing  temperature.  Similar 
values  were  reported  previously  for  LSCF  thin  films  (1.0— 1.2  eV) 
[34-38], 

Another  important  issue  to  be  considered  is  the  stability  of  the 
films  with  the  annealing  time.  The  stability  of  S250  sample  was 
evaluated  for  2  days  at  650  °C  and  both  the  serial  and  polarization 
resistance  showed  a  degradation  of  about  5%,  which  is  related  to 
microstructural  changes  of  the  electrodes  and  possible  reaction  or 
interdiffusion  at  the  electrolyte— electrode  interface.  Further 
studies  are  in  progress  to  evaluate  the  stability  of  these  materials 
after  long  term  operation. 

4.  Conclusions 

Lao.6Sro.4Coo.8Feo.2O3_,)  (LSCF)  thin  film  cathodes  have  been 
deposited  on  quartz  substrates  and  on  CGO  pellets  by  conventional 
spray  pyrolysis  using  an  aqueous  solution  of  metal  nitrates.  The 
deposition  temperature  was  the  only  variable  parameter  in  the 
different  depositions,  which  varied  between  250  and  450  °C.  By 
depending  on  the  deposition  temperature  different  electrode 
morphologies  were  obtained:  highly  porous  at  250  °C,  cracked  and 
porous  at  350  °C  and  macroporous  at  450  °C.  The  grain 
size  increased  from  30  to  80  nm  with  the  annealing  temperature 
650-850  °C. 

Electrochemical  measurements  were  performed  by  impedance 
spectroscopy  on  symmetrical  cells  in  air  and  as  a  function  of  the 
oxygen  partial  pressure  to  identify  the  different  limiting  steps  of  the 
electrode  polarization.  Three  contributions  were  observed 
depending  on  the  temperature  and  the  oxygen  partial  pressure.  The 
high  and  intermediate  frequency  contributions  were  identified  as 
ionic  transfer  at  the  electrolyte/electrode  interface  and  ionic 
diffusion  in  the  LSCF  bulk,  respectively.  The  low  frequency  contri¬ 
bution  is  only  visible  at  high  temperatures  >700  °C  and/or  low 
oxygen  partial  pressure  and  showed  a  strong  dependence  on  pC>2 
and  was  attributed  to  gas-phase  diffusion  of  oxygen.  All  cells 
annealed  at  650  °C  showed  low  ASR  values  of  0.04—0.06  Q  cm2 
measured  at  650  °C.  Higher  annealing  temperatures  result  in  a 
decrease  of  the  electrode-pore  surface  area  and  consequently  the 
ASR  increased.  However,  LSCF  electrodes  deposited  at  250  °C,  with 
high  porosity,  exhibited  lower  microstructural  changes  with  the 
heat  treatment  and  ASR  values  of  0.05  and  0.1  Q  cm2  were  obtained 
after  annealing  at  650  and  850  °C  respectively. 
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